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An Imestigationhas beenmade tithe lWA Cleveled icdng
researohtunnelto determinethe de-icingeffectivenessof an
emerimentaloonfigumtionof an interuL eleotricpropeller-Made
heater. Two atmospherictclngmmiltions ml two propelleroperat-
ing ocmlitionswere imestigatedin eqwrlmentawith unheatedblades
ad with heat appliedto the bladesboth continuouslyand oyolioally.
lkta ue presentedto alumthe effeotof propellersped, mdbient-
air temperatured llqutd-wateroonoentration,~ the amtion of
the heat-onti oyoletimeson the pcnwr reqdrementa anl de-ioing
perfomnnoe of the bladeheaters.

The extent of ioe-umred area m the bladesfor WOWS lox
d operatingoodlitionehas‘beeniietamined.The lagest ioea

areawas obtained at the hlgberambient-airtempez%atmes@ at low
propellerspeed. 5 ohordwiseextentof tdng in praotioallyevery
easewas greaterthan that ooverd by blade heaters.

Adeqaatefle-ioingIn the heatedareawith mrtlnuous appli-
cationof heatwas obtainedwith the poweravailablebut a nmximum ‘
poweriqputof 1250wattsper bladewas insufficientfor oyolic
de-ioingfor the rargeof ocmiitionsInvestigated..Blade-surfaoe
temperaturerates of rise of 0.2°to 0.7°F per semd were obtained
~ the mtnimumooollngperiodfor oyoliode-ioingwas fti to be

approrimdaly* Minesthe heatingperiod.

Severalmethcdsof obtainingiox proteotim for pr@llers
ha~ebeen proposedinolx the use ofalooholor otheriimez~-
pointdepressants,the externaleleotrioblade heaters (referenoe1),
adlthe~ssage ofahot~tbrowgh ahollos blaiLe(roferenoe 2).
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The recent developmentof hollowsteelpropellembladescon- “
~ with a thin sheet-metalouterddn has permittedthe instal-
ktion of an eleotrioheaterwithinthe blade. Suoh a heaterlnstal-
I.atmndoes not impairthe aeroaynamlcperforluenoeoftbbladeaml
is freefromabrasiondamage. Theoreticalanalysis(referenoe3)
ad flightinvestigations(referenoe4) of heat requirements fm ioe
prevmtlon with omMnuous heatinghave idhated that the eleotrio
powerneededIs exoessivefor mrrent airoraft. An investigation
mnoerned with both Oontlnuouaand GycQIoheatingsystemswas there-

fore ecmluotedat the E40A Clevelaxdlalmratmy to determinethe
tolngproteotbn providedby an experimentalconfigurationof an
internaleleotriopropeller-bladeheateraxd the effeotsof several
idng, hating, awl propelleroperatingmmiltions on the heater
performance.

Q

u

The investigationwaa made under simlated Ioing ocnMtiOnu In

the E4CA Clevelsd Ioingremaroh tunnel. Two propelleroperating
renditionsand two Ioingc~tions were investigated,together
with severalpower inputsad heat-onW oyoletimes.

r-
mta am

presentedto showthe effeotof prq~ller sp-, anibient-alrtem-
peratureand liquld-watermnoentration,heatingpower input,@
the chxrationof the heat-ond heat-offtimeson the blade-heater
powerrequirementsW perfomanoe.

APPARA!CU2Am ImmmmAmtm

Zhe propelleron which the investigationwas ocduoted was
hmmted on a mdlfied drplane fuse- looat~ In the azfmer

aeotion of the Idng resxoh tunuel. The looationof the instal-
lationadL of the water -s, togetherwith cktallsof the sstup~
are * In -e l(a);a photogmph of the propellerinstal-
lationis shownin figurel(b). ~~mllerwasa
15-foot,four-blade,hollow,steelpropellerreduoedto an ~-foot
M&meter to pemit lnstdlationin the tunnel. The bide oon-
struotionoonsistedof a t~~ main sparto whioh steelsheets
of O.037-inohthidmess were attadmd to fcm the bladeprofile,
an EACA 16-seriesairfoilseotlm. A semibamispongeznibber
withinthe foxwm!l bladeoavltyservedas a vibrationdampener.
The rode-form dmradwMstios (thldqess-ohomtratio*, ohorfl-
d.iameterratto b/D, leading-edge-cm rmilusratio #,

bladeangle ~, and dedgn-llft coefficientQ are given

in figUre2. Eleotrtcpowerfor the bldleheatem installedin
eaohof the fourbides wae suppliedthrowghautotransformers
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and an eleotronlotimerand was mnduoted to the bladesby a slip-
ring asmibl.ymountedat the rear of the propellerhub. Detailsof

the power-supplysystemare @ven In referenoe1.

Propeller-bladeheaters.- The bladeheaterconsistedof a
varieddistributionof electricreslstanoewties sewedbetweentwo
layersof nylonfabrio,muented to the inner surfkme of the leading-
edge oavity,and held in plme by the spongefiller. Detailsof the
heatermnstruotionand installationinoludingthe metallieleadlng-
edge filletare givenin figure3. The heatedarea extetiedfbomthe
leadingedgeto approximately20 pement of ohordm both the thrustand
and oeniberfices. The heatingelementwas 47 incheslongand extetied
idboardfromthe bladetip to approximately4 Inohesfbomthe shank
end of the blade. The totalheatedareaper bladewas approxlmtely
200 squarefiches. The powerdensityat the innersurfacewas
approximatelytwiceas greatat the leadingedgeas at the rear of
the heaters. The designpower-densitydistributionon the innerSWE-

fkme of the bladefor a power inputof 1000watts per bladeat five
mdlal stationsis shownin figtxre4. Theseourveswere obtained
l%omHamilton-StandardPropellersDivision,UnitedAimraft Corpora-
tion. !l%mpemtureImitations of the nylonand the spongertibber
restrictedthe safepowerinputto 1250wattsper blade.

Instrumentation.- Instrumentationwas providedto measure
the propellerspeed,auibient-airtemperature,powerto the heating
elements,heat-onand cycletimes,tunnelairspeed,and blade-
surflmetemperatures.

The propelMr speedwas measuredby a standardairorafttaoho- “’
meterwith an acmrmy ofAS peroent.Ths ambient-airtemperature
was measuredby two thermocouplesmountedon the tunnelturningmines
at eachsideof the setupand approximately15 feetdownstreamof
the propeller.The acmraoy of the ambient-airtemperature&easure-
mentswas approximately,Mo F. Blade-surfkmetemperatureswere
measuredby Immpeiature-sensitiveeleotricresistancegages,whioh
were similarto straingages. A totalof 40 gageswere Installed
on two adJaoentblades. A full descriptionof the surfkae-tempemkure-
measurlngeystanis givenIn referenoe1. A shiftin the oa3ibmtlon
of the Made-surfice-temperattaregalvanmeter necessitatedthe applt-
oation of a mrreotion to the indloatedsurfkmetemperature.A
correotlonwas obtainedby takingthe differenoebetweenthe Mioated
Made-surfacetemperatureand $he sum of the tunnelmibient-airtem-
peratureand the 100alMnetio temperaturerise. This oorreotion
was mmputed for eaohgageand eachexperimentfor the dry unheated
ootiitionand was then s~traoted fromthe subsequentMioated tem-
peraturesobtainedfor emh experimentduringicingand heating.

—-. —....- .—-.. —.— ..— ——. ——.
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Obsemations* photographsof the propellerin operationwere
US- a Stl’0bO130C@Ylmt~ Sy- ConsistingOf fourflash

lampssynihronizadvlti the &opeil&.
—

water-spraySystem.- Ioingctitions W- sinulated by _-
Ingwater intothe refrigeratedtunnelair strem. A groqpof 46 air-
atomtzingnozzles,enolosedtn a steam-heated~lring E@ looated
aroti the peripheryof the ttnluelimmediatelyahead of the mm-
tmotion seotion(fig.l(a)),dimharged the spraywaterperp~oularly
to the air strem. The icingconditionsIn the tunnelwere detemlned
by the methoddesoribed In referenoe1.

COHDll!IOIUSMD PROOEDURE

kta were obtaineafor a seriesof lclng~ de-iotngcon-
ditionseaoh of whiohwa8 of 10- to 1.3-minuteduration. mll-
speed,suiblent-sdrtemperature,and airspeed were maintainedoon-
etantand reoordedat l-minuteintervals.Propeller-blade-mrfbae
teqpemtureswere reoordedeitheroontimmuslyor intermittently.
Photographsweremade &zrtngoperationusingthe strobosoopio-flash-
~ system. VisW observationsof Iolngand de-ioingweremade
duringoperationand photographsand.sketoheawere made imedlately
afbereaoh stop. /

qemting o~tlons. - A tunnelafispeedof 120 milesper hour
was held oonstantthroughoutthe Imestigatiom This velooitywas
the averageat the 42-inoh-radiusstationof the propelleras

●

determinedby a velooitysurveyof the tunnel(referenoe1). The
Wmll= W= oP~t* at me* of 800 @ 1000 rpm with blade
anglesof 34.5°and 30.5°; respectively.Thesepropellerspeeds
00ZTO~Cd to dV=OS diameterratiosof 1.2 and 0.96,re~otimly,
ti wtie ohosenas beingrepresentativeof low-speed- oruislng
oondltlons,respectively.Bsoaueeof the natureof the tmnel volo-
oitydistribution,the shanketi of the bladesoperatedat smll
negativeanglesof attaok;henoe,the area of water interception
exte- m?ther aft ~ the oauiber13meat thisregion.

Ioingconditions.- The investigationwas oonduotedat two
io~ conditionsthatwere defmd by the amibient-alrtemperature,
liquld-wateroonoentratton,and dropletdiameter. The oonditlom
usedwere at averageambient-airtemperaturesof 3° and 180 F with
correspondingM@d-water oonoentratlonsof 0.3 and 0.7 gramper
O*IO meter. An averagedropletati= of 55 miorons,as det~a

by the volumemadmum, was foti but no oonslstentvariation with
temperaturewas obtained. The methodof oallbratingthe

E!
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water spraysand the applicabilityof
oussedin referenae1. The varlatlon

5

the results0btf3*a are dis-

of the averageliauid-water
ccmoentrationwith smbient-airtemperatureis ti in iigure5(a)
and the radialvariationof water comentmtion Is shownIn fig-
ure 5(b). The valuesof lfgpid-waterconoentmtionrecommendedat
the MountWashingtonObservatory-WeatherBureaumeetingof J- 1845
and an envelopeof valuesfrom mmerous groundand flightobserva-
tionsas reportedby the _ Air Forcesin 1846 are also shown
in figure5(a). Subsequentinformationgivenin referenoe5 shows
S- values of liqpid-waterconcentration found in OunmhS clouds

In excess of those shown on the owrve. The mrked decreasein
liquid-waterConcentrationin the tunnelwith deCl%MLS~ dbient-
air t~tures (fig.5(a))for a constantInputof spraywater
Indlaatesthat the amountof frozen-waterparticlesinoreasedwith
decreasingtemperature. 1

made-heatingCoations. - P~er inputsof 500, 750,1000,_
1250wattspem bladewere used.eithsu?mntlnumaly cm oyolioallyin
the de-iolnginvestigation.The heat-onad the oyolet3mesimesti-
gatea were as follows:

Heat-on

time

(see)

5
5

10

10
10
20
20
30
30
40
40
50

.

mat-off
time

(see)

1.5
35
10

30
70
60
140
90
210
40
120
1.50

Total
0yole
tine
(s00)

20
40
20
40
80
80
160
120
240
80
160
200

Cycle
ratio

1:4
1:8
1:2
1:4
1:8
1:4
1:8
1$4
1:8
1:2
1:4
1:4

The cycleratio Is definedas the ratio of the beat-ontime to the
total-oyolethe. All the.heatingoyolesllstedwere not investi-
g8teaat all the powerlevelsand operatingotitions. Tso m-
referentpowerinputsor two de-idng oyoleswere used sumessively
in severalof the exprlments. In q oasesheatwas suppliedto
only one pati of diaMs&ioallYoppositebladesIn mder thata com-
parisonbetweenheatedG@ unheatedbladeswould clearlyshowthe
relativede-ldng effectivenessof the heaterinstallationin the
sameIdng Conaltionse

----- .- —----......--——— —-— .-.—-— —— -—--— .—~—— —.———— —
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The resultsof the investigationare dismss@ with respectto
the ioe formationson unheatedblades,mntinuous heatin& - oyolio
ae-imlg.

.

Ioe formatims on unheatedblades.- Views of typioalioe fm
ationsm the * ted bladesare shownin figure6. The blades
are * with the shanktowardsthe bottcmand the leadingedgeat
the Oenter. At a propellerSPeedof 800 rpm, amtdent-airtempera-
ture of 17° F, a liqtid-wa- oonoentrationof 0.7 gram per cubio
meter,and a bladeangleof 34.5° (fig.6(a)),a ro~ imegular
rime-ioeformation,which extetiedthe fulllengthof the bladeon
the leadingedge,was obtained. On the oauiberfaoethe ioe extended
to 100 percentof ohardfromthe shankto approximately60 percent
of the radiusand then ~shea to the leadingedgeat the tip.
On the thrustfioepracticallythe enttieo@mr 50 peroentof-the
bladewas oovmed. The negativeanglesof attaokmused by the
nonunifcamtwxmel-velooitydistributionat the innerend of the blade
were responsiblefor the laok of ioe in thisregiom At a pro-
pellerspeedof 800-, an ambient-air tenrperatureof 17° F, a -
liquid-wateroonoentmationof 0.7 gram per cubicmeter,a blade
angleof 30.5°,similem fcomationsto thoseat a bladeangleof
34.5°were obtainedon the oaniberfaoe (f’lg.6(a)). Very littleioe
was obtainsdon the thrustfaoebeoauseof the deoreasein blade
angle. Lowertngthe mbient-alr temperatureto 2° F resultedin a
very smallfomation of smoothfinerime ioe (fig.6(a)). As at
the temperatureof 17° F, very littleiolngooourredon the thrust
tice.

At a propellerspeedof 1000rpm (fig.6(b)),the Ioe fmmbions
were similarto thoseobtainedat 800 rpm at oorrespcmdingambient-
air temperaturesand bladeangles. Both the ohord.wiseand the
radialextentof ioingwere lessthan at 800 rpm. At an auibient-
air temperatureof 17° F and a bladeangleof 30.5°,a rough 3rreg-
ularrime fcmaticm extendedto approximately80 peroentof radins.
Lightfcmations m the thrustfme were oonflned.to the oenterpor-
tion of the blade. At an anibient-airtemperate of 22° F ti a
bladeangleof 34.50, the ioe formationon the lem edgeexted.ed
to approxlmtely90 peroentof radius~ therewas Indicationof
runbmk pcmticularlyon the innerportionof the thrustfaoe.

The radial extent of the ice fmmatbns on unheatedblades
for the ootitions imestigatedvariedfhom 50 to 100 peroent
of the blademdius. A ohordwiseowerage on the oeniberfaoeas

.
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great as 100 peroentof ohordat the shanketi was obtainedwith
the formations@ually taperingtowardthe lead~ edge in a
radialdireotion. On the thrustfkmea ~hcmdwiseouverageof 100 per-
centwas obtainedat the bladetip. The ingest fomations Wure
obtainedat the higheranibient-alrteunperatm?esani low propeller
speed. The smallestformationswere obtainedat tie lowestanMent-
air temperatureand low propellerspeedand bladeangle. With the
exoepthn of the fomqthns at the lowestambient-airtemperature,
a roughimegdar fcmation,whiohshowedwidenoe of natural
shedding,was obtained.

The nonuni,fom natureof the velocitydistributionin the
tunnelwas suohas to ohangethe 100albladeangleof attaok,thus
oausingthe positionof the ice formationto be differentfromthat
obtainedin naturalIolngrenditions.A6 + result,an ioe owerage
of 100 pement of dmrd was obtaind at the shankend on the oamber
fhoeand at the tip on the thrustfree. In addition,the large
dropletsize (55miorone)inoreasedthe dmrdwise extentof icing
on the oauiberfme overthat obtainedin naturalioingrenditions.
Withinthe radialextentof ioing,the chmdwise mverage in practi-.
oallyeveryeaseextendedbeyondthe rearmarginof the bladelmaters
(20pement of chord).

Continuousheating.- The resultsof continuousheatingO: the
bladesare sumariked in tableI. The reml~e are givenin term of
the percentage de-ldng effectiveness,whiohwas deflnetias the ratio
of the percentageof heaterarea olearedof iceby heatingto the per-
centageof heaterarea imd with no heat to the blades. The area
clearedby heatingwas takenas the differencebetweenthe imd mmas
with and withoutheat. The heaterareawas usedas a basisfor
effectivenessbeoausethe heaterswere ineffectivein removingioe
beyondthe area immediatelyeurrotiingthem. This methodof rating,
therefore,does not mnsider runbaokand ref&eezlngaft of the
rearmarginof the heaters. Eeatlngof the bladeswas continuedfor
a periodof time long enoughto allowthe bladetemperaturesto
remh a stablevalueand untilno further~ovement i.nioeremoval
was observed.

With continuousheatingofthe bladesat a propellerspeedof
1000rpm and an ambient-airtemperatureof 18° F (renditionA, tableI),
a de-icingeffectivenessof 100 and 95 peroenton the thrustand
oamberfrees,respectively,was obtainedwith a power Inputof 500watts
per blade (averagepowerdensity,2.5watts/sqIn.) and 100-permnt
effectivenesson bath flmes”was obtainedat a power inputof 750watts
per blade (averagepowerdensity,3.75watts/sqin.: mndltion B).

.-
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The effeot of ambient-air~ture is imlloate~

~CA TN NO. 1691

by the reQuimmmt.
at 1000rpmaml 1° F (oonditi-mD), of 1000wattsp& Made (average“
powerdensity,5 watts/eqin.) f= 100-pement effeotiveneem.

Wh& the pu%pellerspeedwm loweredto 800 rp at an ambiemt-
air tmperatme of 18° F (mnUtion C), a powerInputof 1000wmtts
per b- resultedin MO-percent effectivemm At a propeller
speed.of 800 rpm ti an ambient-airtemperate of 4° F’(oomlltionE),
de-lc~ effectivenessof 90-85 peroentf= the thrustail omiber
fboes,respectively,were obtaineilat 1000watts per blade. An
inoreaseof the powerinputto 1250wattsper blade (averagepouer
density,6.25watts/sqin.) resultedin 100-peroenteffemivenms
on both the thrustand odber fkL@S (oonditionF).

The @ptoal rise of blade-mu%lsoetemperatm?esaboveaaibient-
air temperatuream ioingwith oonMmmur3 heatingis shownin
m 7. The rise of the leaUng-edgesmfaoe temperaturesat the
33-peroexrtradius,ambient-airtamperatmesof 1° ard 40 F, - -
mu m- of MO ~ 1000-$ remo*~ve4t f= a x-= ~~
of lCX)Owattsper blade Is shownin figure7(a). The ~tm%
rise fm an unheatedbladeat 800 rpm is also shown. The tempem-
turesfor propellerspeedsof both 800 W 1000rpm had an initial
rate of rise for the first30 seoodlsof heatingof appmxlmatdly
0.6°F per seoti, whfoh grzduallydeoaeasedtmtila -ble value
was reaohed. At a propellm speedof 800 rpn, a.stablevalue ot
a~orlmtely 67° F abovemdbient-airteqemtm?e was attainedafter
about240 seoomlsof heating. At a propellerspeedof 1000rpm,
a valueof approxhately54° F’abovemblent-alr temperaturewas
reaohedin a heat-ontime of about150 see-.

5 rise of the blade-mrfhoetmperalnmesat a point2 imhes
fhcmtheleadi ngedgeontheoauilmrftmeat33-peroentrad.lusfor
the salmSpeea- powerO-tions -- additionalOdttan ie
shownin figure7(b). At ambtent—airtemperaturesof 10 d 40 F,
the averagerate of rise in the first30 seed of heatingfor
both 800 ed 1000rpm was a~tely O.@ F per seooml. A peak
stablevalueof 39° F abovesmbient—air~tme at 800 ~ d
m aibiemt-sirtempemtmw of 4° 1?was reao3M in a~te~
180 seomds @ a valueof 37° F abuveaniblen’t-alr_rature at
1000- was reaohedin apprdmately 150 see-. At an mdbiemt-
air temperatureof 180 F awl a pr~eller speedof 800 rpm, the
initialra~ of risewas considerablylower (0.2°F/see)awl s
peakvahm of 23°1’aboveambient-airtemperate was obtainedIn
approxlmtely90 see-, The Ufl%renoe in blade tempera- tine

-—-. ... - —.—_—— -- ——. .—. ..— ___. .. .
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at the different@ient-air temperaturesmaybe att&ibutedmainly
to the formationof Iceand subsequentreleaseof heat at the lower
auibient-airtempemtures,whiohwas not apparentat the higherauiMent-
air temperature.The differencesIn bladetemperaturesat the lead-
,+8 edgeand 2 inchestrm the leadingedgeare pri=dy due to
differencesin the 100alpowerdensity; The powerdensityon the
innersurfaceat the leadingedgewas appmxlmtely ~ wattsper

squareinoh,whereasat 2 inchesfromtie leadingedge it was 3 watts
per squareinoh (+ 4).

Views of typioalresidualice formationsafter continuousheat-
ingareshown lnfigure8. Notioeshouldbe made of the ratherlarge
ioe formationsat the shankend of the blades. An area at the
shankapproximately4 Incheslongwas unheatedand the Ioe forma-
tionsat this regionwere extremelydifficultto remove. Ice in
the heatedareawas alsoattmhed to this unheatedarea,thus
increasingthe diffimlty of ioeremmal. At a propellerspeedof
800 rpm, ambient-airtemperatureof 18° F, liquid-watarmnoentra-
tion of 0.7 gramper ctibiometer,blade.angleof 30.50,and power
inputof 1000wattsper blade,indicationsof runbmk and refreez-
ing =e evident. Praotioall.yno de-icingbehindthe heatedarea
was obtained.

A seriesof strobosmpiophotographstakenduringicingand
de-ioingare shownin figure9. Thesephotographswere madewtth
conditionC: propellerspeedof 800 rpm, an ambient-airtempera-
ture of 18° F, and a bladeangle of 30.50with a power Inputof
1000wattsper bladebeingappliedafter7 minutesof icing.
De-icingstxmtedfollowingthe a~lioations of heat and the heated
areawas almostmmpletely olmed of icewithin5 minuteswith
very littleollangeIn de-ioingthereafter.

Cyolioheating.- The resultsof the Investigationof oyoliu
heatingme presentedin.termsof de-icingeffectivenessin tableII.
b general,less satisflmtmyperformmcewas obtainedwith oyollo
thanwith continuousapplioatlonof heat. Beoauseof limitations
of the heaterpower input(1250watts/blademaximum),the re@re-
ments for 100-peroenteffectivenesscouldnot be detemlned for the
rangeof heat-ontimes investigated.At ambient-airtemperatures
of 17° to 20° F and a propellm speedof 1000rpm, the best de-
idng effeotheness observedwas 90 and 95 percenton the thrust
eud oaniberfhoes,respectively,at heat-ontime of 30 seconds,
totaloyoletime of 120 seoonda,and power inputof 1000wattsper
blade (renditionK). Decreasing the propeller speedto 800 rpm
at approximatelythe same ioingand heatingomdition (oonditionQ)

. .. —.—-—. —. —.— -—— —... — —. ——- —... .————. —. ——. -
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~ffeotivenessto 85 and 90 percent. Althoughlem ice
blaileat 800 rpm than at 1000rpm, the deoreasein

de-iaingeffectivenessmay be due to the differ&ce in centrifugal
fome. Loweringthe anibient-airtemperaturefkmm 17° to 30 F
(oonditionS) deoreasedthe effectivenessto 5 and 10 percent.

The effeotof increasingpm%r inputpartimlarlyat low tem-
peraturesis shownby the inoreaseIn effectivenessfkom20 percent
on both faaes (cmditim T) to 60 and 70 permnt on the thrustand
oauherfkces,respectively,(conditionU) wh+ the powerwas changed
&m 1000to 3250wattsper blade. At highertemperaturesof l?o and
20° F and a shorteroycle(conditionsM and H), the effeotiveneos
increasedfrom70 and 75 pement to 80 and 90 pement.

The effectof increasingthe heat-onthe from 10 to 24 seoondaat
an approximatelyconstant-oyolethe is shownby the increasein
effeotivensssfrom 70 pement on both ficesto 80 pement on the
thrustflmeand 90 percenton the oaniberface (conditionsL and N)
when the heat-ofitimewas increased.The de-icingeffeotivenesowas
deoreasedfrom85 and 80 percenton the thrustand oam’bmfaces,
respectively,to 65 peroentwhen the cycletimewas inoreased from
120 to $?40semnds at a constantheat-onthe, (renditionsP and O)~
Ths effectof varyingthe heat-ontime oanbe seenby mmparing
conditionsB, I, and K where,for a cmstant cycleratioof 1:4,
increasingthe heat-ontime tiom5 to 30 secmds gave improvedde-icing
effeotlveness.For each icing,heating,and operatingrenditionthe
bestresultswere obtainedwith the longestheat-ontime (30to 50 see).

ti general,the best resultswith oyolioheatingwere obtained
with a oyoletimeapproximatelyfourtimesthe lengthof the heat-
on time. Cycleratiosas low as 1:2 gavemore effeotivede-lolng
than the 1:4 ratioonlyat the highestpowerInputand longerheat-
on times.

Typioalvariationsof blade-surfaoetemperatureswith time
duringCYCliO de-icing for v=ious ioing,heat=, @ oPerat@
mnditionsare givenin figure10. Resultsare shownfor the tempera-
turesof the leadingedgeat 33-permnt radius. The blade-
teunperaturevariationat propellerspeedof 1000rpm, heat-ont-
of 20 seconds,cycletime of 80 seootis,and power inputof 750 watts
per-blade,is shownin figure10(a) (conditionC). ‘Thetemperature
roseapproximately130 F when the water sprayswere turnedon S@
reaohed 330 F beforethe applicationof heat. Blade heat-ontimes
of 20 secondsresultedin an averagerise of approximately4° F
afterthe startof cyolioheating..The bladetemperaturesde~emed
quicklywhen heatingstoppedand returnedto the freezingpoint.

. .

8
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The bladetemperaturesfor the heat-ontime of 20 seo~ and
the cycletime of 80 semx@s at propellerspeedof 800 rpm, two

“ anibient-airtemperatures,and powerInputof 1000wattsper blade
are shownIn figures10(b)and 1O(C) (cotiitioneM e@ R,reepeo-
tively). The resultsat the highertemperature(17°F) (fig.10(b))

sW are muoh the sameas obtainedat the 750-wattpower input(f’lg.10(a)).
The bladetemperaturesa@n remainedabove32° F. At a lower
ambient-airtemperatureof -1°F, (fig.1O(O)), greatertemperature
riseswere obtained- formost cyolesthe heated-bladetempera-
turesreturnedto the *ted-blade temperature.The powerinput
@ heat-ontimeswere lnsuffi~ientto raisethe bladetemperature
abovefieezlngand practicallyno de-icingwas obtainedanywhere
on the blade.

The effeotof longerheat-onand cycletimesat the sameheat-
ing and operatingcondltioneis shownin figures10(d)and 10(e)
(cond.ttionsS and Q, respectively).Largertemperatureriseswere
obtainedwith the temperatureremainingabove32° F for a period

‘ sufficientto accomplishde-icing. As shownin figure10(d),the
heatedbladecooledalmostto the unheated-bladetemperaturewhen
heatingstopped. The effectof further inoreasesIn heat-onand “

. ~ole times is shownIn figures10(f)and 10(g)for oofiitioneU
andW, respectively.

The bladetemperaturesobtainedat a propellerspeedof 800 rpm
and a power inputof 1250wattsper bladeare shownin figures10(h)
and lo(i). At an ambient-airtemperatureof 5° F, a heat-ontime of
40 semnds, and a oyoletime of 80 seoonie,averagepeak tempe=tures
of 37° F were obtained(fig.10(h),oonlitionV). At an anibient-
alr temperatureof 20° F, a-heat-ontime ~f 24 seconds,and a oyole
time of 84 seconds,the initialbladerise oausedby the water
sprevsraisedthe bladetemperatureto fbeezing(fig.10(i),con-
ditlonN). The bladetemperaturesremainedabove f%eezingduring
the stisequentheatingcycleswith a minimumvalue of 37° F result-
ing. The temperaturecurvesIndloatetoo shorta coolingperiod
ard too muoh power input.

Views of the residualice formationson the bladesafter
oyollode-iuingare shownin figureXl. The percentageof de-iolng
effectivenessobtainedfor eaoh conditionis givenin tableII.
The photographsshowthe difficultyin removingice fbomthe unheated
=ea at the shankof the bladesami the ineffectivenessof the
heaterin redwing ice in the regionbehM the heatedarea. Com-
parisonof figure11 with figure8, showsthat no signlfioantdif-

. ferenoewas obtainedIn runbaokand refreezingbetweencontlnuoue .

.-. ...—. _.-— —.— .- — -.— --—- -—... ——.—.——
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.

, and cyolioheating. The only significantrunbmkwas obtainedat
ambient-airteqeratmes of 20° F and above (fig.n(a), n(o) ~
n(d)). The resiaua,lformationsfor the low-temperaturemnditdons
(f’lg.n(b)) showIneffectivede-icingobtainsdat 10U ambient-a3r
temperatures.The ice formationon the bladesis practicallythe
satneasthat obtainedwiththe unheateablade (fig.6(a)).

.

At a power inputoflOOO wattsper blade,the bladetempera-
turerate ofrisevarled f&amO.70Fper semnd at anauibient-air
temperatureof 30 F to 0.2°F per secondat an ambient-airtem-
peratureof 17.5°F. At a powerinputof 1250watts per blade,the
rate of risevaried&cm 0.7°F per semnd at aniblent=airtempera-
ture of 5° F per secondat an ambient-airtemperature20° F. An
averagerate of rise of 0.6°F per secondwas obtained.

The variationin the lengthof the optimumcoolingperiod
wtth the heatingperitiis shownin figure12. No signifioaut
=iation wtth power tnputwas foundfor the folng,heating,and
operatingconditionsinvestigated.The coolingpericdsshownin
figure12 were the minimumperi~s in whioh completeooolingto
the temperatureat the startof the heatingcyclewas attabedm
The averageminimumcoollngperid was foundto be approximately

2+timesthe heat-ontime.

8uMMARYoFmuLTs

The followingresultswere obtainedfroman ice-tunnelinvesti-
gationof an internallyheatedpropellerbladeat propellerspeeds
of 800 and 1000rpm, auibient-airtemperaturesfhom -1° to 20° F,
liquid-waterconcentrationsfrom0.3 to 0.9 @am per otibicmeter,
heat-ontime tiom5 to 54 seootis,cycletime fimm 30 to 240 semnds,
bladeanglesof 30.5°and 34.5°,and powerinputsfrom750 to 1250watts
per blade:

1. For the renditionstivestigated,the ioe formationson
unheatedblades=ied fkom50 to 100 percentof the bladeradius.
A ohordwisecoveqageon the oauiberfaceas @?eatas 100 percentof
the ohordat the shankend of the bladewas obtainedwith the fom-
ationtaperingtowardthe leadlngedgeat the tip. On the *%
face& ohordwiseooverageof 100 p@rcentwas obtainedat the blade
tip. The largestformationswere obtainedat the Uzher ambient-

w

aii temperat~esand at the low propeller speed. T& smallest
formationswere obtainedat the lowestanibient-airtemperature
at the low propellerspeedand bladeangle. Withinthe radial
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extent of Iolng,the ohordwisecoverageof icinginpraotioally
everyoaee extemledbeycmdthe rearmarginof’the bladeheaters.

2. With oontlnuousheating,100-parmntde-idng effectiveness
for the heatedareawas obtained at 180 F with a power inputof
75owattsper blade. At an anibi.ent-airtempaature of 1° F,
1000wattsper bladewere requiredfor 100-peroentde-ioingat
1000rpm but loweringthe propellerspeedto 800 rpm and raising
the power input to 1250wattsper blade resdtsd in approximately
100-percentaverageeffeotlveness.Stablemaximumtemperatures
with continuousheatingwere obtainedwithinperiodsof approxi-
mately90 to 240 seoonds.

3. De-icingeffectivenesswith cydio heatingwas ooneider-
ably lessthan for continuousheatingof the blades. The best
de-iolng(90to 95 peroent)with’cyoltoheatingwae obtainedat
heat-ontime of 30 seoonds,totalcycletime of 120 seed, _
“poweriqputof 1000wattsper blade,for the oonlitionsof pr6peller
speedof 1000rpm and amblent4irtaperature of 170 to 1903’. The
best de-icingfor the oonditlonsinvestigatedrequiredheat-ontimes
of 30 to 50 semmis. Ho eignifioantdifferencewas obtainedin rwn-
back a@ reft’eezingbetweencontinuousand oyolioheating.

4. For ambient-airtemperaturesof 0° to 17° 1?it is estimated
thatpowerimputsof approdmately1500wattsper blade,a heat-on
time of approximately60 seconds,adl a totaloyoletime of a -
mately240 semnds wouldbe requiredfor adequatede-laing. FThese
valuesapplyonlyto propellerssimilarto that investigated.) Ho
mnolusions oanbe made as to the optimumpow= distributionas the
experimentalheaterhat a fixedpowerdistribution.

5. The effeotlvenessof the blade spongefilleras a thermal
insulationwas InMoated by the smallamountof de-iolngobtainedIn
the areabeh= the heater.

0 to 0.7°F per seooti6. Blade-temperatureratesof rise of 0.2
were obtaH with the rate of risea funotlonof anblent-airtem-
perature. A required minfmum ooolingperiodof approxhately

# timesthe heat- periodwas feud.

E!rcmthe resultsof this investigation,severalsignifloant
conclusionsoan be drawnmnoerning the requirementsfor the design

.——. ... .. . . . . —— —- —____ — -— . . . . .-— .—— — ..— --— - .—
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of internaleleotrlopropeller-bladeheaters. Due
must be givento the differencebetweenthe simulated

and naturaliolngconditionsand to the specialcOnstruotionof
the-experimentalheatingelement.

1. Despitethe marginalperfomanoe of the experimentalinstal-
lation,oyoliode-icingwith an internaleleotriobladeheater
appearsto he a Praotioablemethodof propellerioe proteqtlon.

2. The ohordwiseextentof heatipgon the propellerwas inadeqwbe
for the icingconditionsto whlohthe propellerwas sti~eoted;minlmm
extentof ohmdwise heatingcannotbe exactlyspecifiedIn the almmoe
of data concerningthe effectsof residualice fomuationsm propeller
perfomame. Beoausethe resultsshowthatthe radialextentof icing
varieswidelywith ohangesIn propellerspeedd ioingoonditlons,
the radialextentof heatingwillbe dependenton the particular
designconditionsand the tolerableextentof loinson propeller
performame. Unheatedareasat the shankof the blade seriously
impairde-icingand shouldbe eliminated.

FlightPropulsionResearchLaboratory, ~
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,February4, 1948.
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Propeller

“Y

.

(a) Locationof setupinloiw resemwh ttmuel.

(bj Fropellermounted in Idng reseerchtunnel.

Fl~ 1. - Pro@ler-icing research instdlaticm.
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o .2 .4 .6 .8 j
/Propeller-radiuaratio,r R
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060

Figure 2.- Blade-formcharacteristics for nrmeller

bladewith internalbladeheater. ” -
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(a) Plan form of blade ami

-’”e’

\
●✎✎✍ “.*
. .

eeotmml X-ray vhfm.

(b) (hBOSSmotion of heater at propeller-radiusmtio

Mgure 3. - Wtails of heater mnetruction.
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1
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0

6
Propeller-
radius ratio

.

4
%

/

2‘

ThrUSt face Camber face =$?=
o
‘3 8 1 0 1 2 3

Distance from leading edge on inner surface, in.

Figure 4.- Design power distribution at 1000 =tts per blade
(taken from data sapp3ied by manufacturer).
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1
10 0 10 20 30 40

H Ambient-air temperature, ‘F

~ a) Variation of liquid-water ooncentratlonwith al??
> temperature. -

g L*
tn Air temperature
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Propeller-radius ratio, r/R

(b) Radial distribution of liquid-water concentration.

Figure 5.- Icing conditions for propeller-icing researoh.
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Tbrut3t Camber

Ambient-air
tempemdau’e,% 17

Ll@d-water
conoentratIon,
gram/ou m 0.7

Blade @,
aeg 34*5

Thrust Ct3uber

17

0.7 ‘

30.5

(a) Propellerspeed, 600 rpm.

25

- Tbruet Camber

2

0.2

+
c-20595
I-29.48

Figure 6. - Ice formtlons obtakmd at various ioing aml operatingOonditlm’ with unheated
blades.
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Thrust Camber

Ambient-air
temperature,% 17

Liquid-uateroonoen-
tratlon,#g’wl/oum 0.7

Blade angle, deg 30.5

Thmet Oember.

22

0.9

34.5

GZ0534
._j-29.4.9

(b) Prqellsr aped, 1000 rpm.

Figure 6. - Conoluaea.Vleweof ioe formatiolleObtdned at ~loua ioingand openatingoon-
dltlonevith unheatedbladea.
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Propeller Ambient-air
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(a) Temperature rl.ee of ~leadlng edge at S3+eroent radtua.

F@ure 7.- Typloal time of’ blade-eurfaoe temperature above ambient-alr bempemtura
with oontlnuoue heating nt power lnpub of 1000 watta per blade.
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(b) Tempamture rise t? inohes
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LYomli$ian (table 1) D

Fropell.er speed, * mm

Ambiant+r tamparatnm, %’ 1

Liqlid-lrata ooman—
imatkdl,gmm/om m o .Z

I&at-on tire, min 9
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WO11O de-toing at 3S-peroent radiue.
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Tble’t Cember Thrust Oember

Condition (tableII) P o

Ambient-a&
temperature,% 21 20

LiquM-water oonoen-
t=tknl, gram/ou m 0.9 0.8

Cycle time, seo 1.20

+
y 245::
-.

(a) Propeller speed, 800 rpu; heat-on time, 30 eemnds; blade ~, 34..5°;power input,

750 watts ~r blade.

I&llre u.. - Reeldual ice after oyciliode-lolng.
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NACA TN No. 1691

.

.

Thrust Camber

Condition (tableII)

Ambient-a5r
temperature,‘1?

Liquid-waterconcen-
tration, ~/ou m

(b) Propellerspeed, 800
-,

F@llre 11. -

M

17

0.7

43

Thrust Camber

R

-1

0.3

c-=523
1.29.42

34.5”; power input,1000 watts wr blade.

Continued. Residual 106 after oyoliode-icing.
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Thrust Camber

Co&ition (tableII) N

Ambient-air
temperature,% 20

LiWd~tir Oonoen.
tration, ~/ou m 0.8

Heal-on khle, WO 24

cyole tire, seo 64

Thrust Camber

v

5

0.3

40

80

C.20539
1.29.49

(o) l?rowDr speed, W I’PD; blade angle, 34. @; pover input,1250 wetts pr blade.

- U* - Contlnusa. Residual ioe sfter oycliode-ioing.
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NACA TN No. 1691

.

.

1’

.
Tbruat wmber

Condition (tableII) H

Amblent+tir
temperature,% 17

Li@d*tir c-n.
tration, gram/ou m 0.7

Cyole time, seo 80

,
47

Thrust Camber

G

20

0.8

180

=J%9’--
C-20540
1-29-48

(d) Propellerspeed, 1000 ~j heat-ont-, 20 %oontls; blade angle, 50.5°;
750 watts per blade.

Figure 11. - Continued. Residual Ioe after oyolic de-iuing.
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I

Thrust Oam?.wr

condition (tabm D)

Ambient+lr
temperatlu’e,02’

Liquid-watiroonoen-
tratIon, gmm/ou m

Heat+n time, seo

CyOle time, aeo

B

17

0.7

5

20

(e) Propellerepeed, 1000 rpm; blade

Figure u. - Conoludea.

Thrust Oamer
.

I

18

0.7

20

%0.

=!!s7
c. 2C-541
1.29.48

-J ~.5°; -r ~tij low watts per blade.

Residual Ioe after oyollode-ioing.

I

. . -. . . . . -. ------ --.—- .--... —- ——.. . . . . . _.. — ---- —-—.-——. . - -.



—. - . . -.—... —.— —-

.

#

.

u

.

.

—- .-. —— -.—-. . -- ——-—



.

TN No. 1691 51

.

.

140
c

120

/
I

100 ‘
#

n

o () 1
.

: 80

ii
*

2
Heaterpower

/ input
;, 60‘ (watts/blade)

s o 1ooo
t1

❑ 1260

40“
n

/
n

.

20
0

.

/

T
o
0 10 so 80 40 50 G

Heat-on time~ sec

Figure 12. - Variation of opti@mO cooling time with heat-on
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